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DNA methylation as an epigenetic factor in the development and progression of 

polycythemia vera 

 

Jean-Pierre Issa, M.D. 

Grant MP04315 

 

Study Site: 

Department of Leukemia, University of Texas M. D. Anderson Cancer Center 

1515 Holcombe Blvd., Houston, TX 77030 

 

INTRODUCTION  

 

Polycythemia vera (PV) is the most common myeloproliferative disorder with a yearly 

incidence of 28 per 1 million people and a slightly higher prevalence in males.1 PV is 

characterized by clonal expansion of erythroid, myelomonocytic, and megakaryocytic 

lineages, erythrocytosis being the most prominent clinical manifestation of PV.2 The 

disease is associated with a significant morbidity and mortality, including thrombotic 

and/or hemorrhagic events, and a risk of an evolution into myelofibrosis and leukemia.3-5 

An acquired activating V617F (1849G>T) mutation of JAK2 tyrosine kinase has been 

recently found in the majority of patients with polycythemia vera (PV), in about half of 

those with essential thrombocythemia (ET) and myelofibrosis (MF),6-10 and in 10-20% 

patients with chronic myelomonocytic leukemia, Philadelphia-negative CML, atypical or 

unclassified myeloproliferative diseases (MPD) and megakaryocytic leukemia.11-13 It is 

not known what other factors determine the disease phenotype of PV, MF, and other 
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MPD, and what factors other than JAK2 lead to disease progression. Very little is known 

about epigenetic changes in PV. Epigenetic lesions have been recognized to be important 

in cancer, in particular in older individuals. Methylation of cytosines in the CpG sites 

clustered in the gene promoter regions results in epigenetic gene silencing, and acts as 

one of possible mechanisms of tumor suppressor inactivation in cancer.14 Diverse 

myeloproliferative phenotypes caused by a single point mutation of JAK2 tyrosine 

kinase, lack of other genetic specific lesions in PV, and its association with higher age 

lead us to propose the hypothesis that epigenetic silencing may play a role in the 

pathogenesis of PV. 

 

STATEMENT OF WORK 

  

 Task 1. Discover genes whose promoter-associated CpG islands are methylated in 

patients with polycythemia vera (PV), months 1-18: 

a. Identify in the M. D. Anderson database all patients with PV for whom 

archived bone marrow biopsies are available (month 1). 

b. Collect paraffin-embedded bone marrow biopsies on all patients (projected 

100 patients, 10 cuts/month, months 1-10) 

c. Collect existing blood samples from PV patients at M. D. Anderson, and 

from the external collaborator at Baylor College of Medicine (projected 

50-60 patients per year, months 1-36).  

d. Extract DNA from paraffin cuts (start month 1 – ongoing until all samples 

collected, months 1-10) and from blood samples (months 1-36). 
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e. Perform genome-wide screening for promoter-associated CpG islands 

differentially methylated in 15 patients with polycythemia vera in the 

polycythemic phase, 15 patients who developed myelofibrosis and 15 

patients who transformed to leukemia. We will use Methylated CpG 

Island Amplification coupled with Representative Difference Analysis 

(MCA-RDA) as a screening method (months 2-18). 

  

 Task 2. Determine the methylation and expression profile of candidate genes in the 

polycythemic phase of PV, patients who developed myelofibrosis and patients who 

transformed to leukemia. Months 2-36. 

a. Bisulfite treatment and PCR-based methylation analysis for all the genes 

discovered by MCA-RDA and candidate genes involved in growth factor 

signaling (months 2-20) 

b. Analyze samples for gene expression by real time quantitative RT-PCR 

(months 13-36) 

c. Statistical analysis of the collected data (months 21-22) 

d. Validation of the results on prospectively collected samples (months 23-

36) 

  

 Task 3. Begin exploring the function of the most promising genes using in vitro 

cultures and/or transfection experiments. Months 13-30. 

a. Determine whether specific inhibition of candidate PV-methylated genes 

in normal cells would mimic the PV phenotype of hypersensitivity of 
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erythroid progenitors to erythropoietin  (months 13-30). 

b. In case the candidate genes are methylated and silenced in leukemic cell 

lines, we will restore their expression using standard gene transfection 

technology. The transfected cell lines will be examined for growth 

characteristics and in vitro differentiation. The effect of this transfection 

on the function of putative affected pathways will also be examined 

(months 13-30)  

 

Task 4. To assess the prognostic significance of aberrant methylation in PV we shall 

perform retrospective multivariate analyses of the association of CpG island methylation  

with survival and probability of transformation to myelofibrosis or leukemia (months 24-

36). 
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PROGRESS ON TASK 1 

 

We proceeded with MCA/microarray analysis of PV samples to address Task 1e as 

planned. 

We performed methylated CpG island amplification (MCA) in four patients with 

different types of myeloproliferative disorders: one patient who developed PV from ET, 

one patient who transformed from PV to MF, one patient with ET transformed to MF and 

one patient with primary myelofibrosis. We applied MCA amplicons to high density 

oligonucleotide microarrays (Agilent) to detect genes that are methylated in MPD 

patients and not methylated in normal controls. The work and data analysis are in 

progress. We analyzed the data by Agilent ChIP Analytics 1.3.1 software and detected 

860 of 10419 (8.25%) genes significantly more methylated in MPD patients than in 

normal controls (P<0.05). Top 50 genes with the P value of significance below 0.01 are 

listed in Table 1. 

Table 1. Genes differentially methylated in MPD patients. 

Gene Description Location Type 

B4GALT2 

UDP-Gal:betaGlcNAc beta 1,4- 
galactosyltransferase, 
polypeptide 2 Cytoplasm enzyme 

CHDH choline dehydrogenase Cytoplasm enzyme 

ME1 
malic enzyme 1, NADP(+)-
dependent, cytosolic Cytoplasm enzyme 

MYH6 myosin, heavy chain 6, Cytoplasm enzyme 

PDE4C 
phosphodiesterase 4C, cAMP-
specific  Cytoplasm enzyme 

SARDH sarcosine dehydrogenase Cytoplasm enzyme 
HSPB8 heat shock 22kDa protein 8 Cytoplasm kinase 
PRKCZ protein kinase C, zeta Cytoplasm kinase 

ABLIM2 
actin binding LIM protein family, 
member 2 Cytoplasm other 

LLGL2 lethal giant larvae homolog 2 Cytoplasm other 
MEGF6 multiple EGF-like-domains 6 Cytoplasm other 
PLEKHG5 pleckstrin homology domain Cytoplasm other 
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containing, family G  member 5 
SH3PXD2A SH3 and PX domains 2A Cytoplasm other 
TSC2 tuberous sclerosis 2 Cytoplasm other 

ACP5 
acid phosphatase 5, tartrate 
resistant Cytoplasm phosphatase 

EGFL8 EGF-like-domain, multiple 8 Extracellular Space other 
EMILIN2 elastin microfibril interfacer 2 Extracellular Space other 
MBP myelin basic protein Extracellular Space other 

ADARB2 
adenosine deaminase, RNA-
specific, B2 Nucleus enzyme 

AKAP8 
A kinase (PRKA) anchor protein 
8 Nucleus other 

NEURL 
neuralized homolog 
(Drosophila) Nucleus other 

ZNF541 zinc finger protein 541 Nucleus other 
ZNF646 zinc finger protein 646 Nucleus other 
AIRE autoimmune regulator Nucleus transcription regulator 

NFIX 
nuclear factor I/X (CCAAT-
binding transcription factor) Nucleus transcription regulator 

TCEA2 
transcription elongation factor A 
(SII), 2 Nucleus transcription regulator 

GPR153 G protein-coupled receptor 153 Plasma Membrane G-protein coupled receptor
TMEM37 transmembrane protein 37 Plasma Membrane ion channel 

TRPV3 

transient receptor potential 
cation channel, subfamily V, 
member 3 Plasma Membrane ion channel 

EFNA3 ephrin-A3 Plasma Membrane kinase 
GUCY2C guanylate cyclase 2C Plasma Membrane kinase 

C16orf30 
chromosome 16 open reading 
frame 30 Plasma Membrane other 

CCDC8 coiled-coil domain containing 8 Plasma Membrane other 

EPB41L1 
erythrocyte membrane protein 
band 4.1-like 1 Plasma Membrane other 

VMD2L1 bestrophin 2 Plasma Membrane other 
F7 coagulation factor VII Plasma Membrane peptidase 

NOTCH1 
Notch homolog 1, translocation-
associated Plasma Membrane transcription regulator 

ASGR1 asialoglycoprotein receptor 1 Plasma Membrane transmembrane receptor 
BRSK2 BR serine/threonine kinase 2 Unknown kinase 

C15orf39 
chromosome 15 open reading 
frame 39 Unknown other 

C19orf48 
chromosome 19 open reading 
frame 48 Unknown other 

C20orf166 
chromosome 20 open reading 
frame 166 Unknown other 

C21orf125 
chromosome 21 open reading 
frame 125 Unknown other 

CCDC124 
coiled-coil domain containing 
124 Unknown other 

CRAMP1L Crm, cramped-like Unknown other 
FBXO44 F-box protein 44 Unknown other 
KIAA1984 KIAA1984 Unknown other 
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KLHL30 kelch-like 30 Unknown other 

TBC1D16 
TBC1 domain family, member 
16 Unknown other 

TMEM79 transmembrane protein 79 Unknown other 
 

We analyzed the functional relationships of these genes by Ingenuity Pathway Analysis 

software. Two major networks showed significant representation of the genes detected by 

methylation microarrays: (1) Cell death, cancer, and cell proliferation network clustering 

around Akt, PI3K, and NFkB; (Figure 1) and (2) Cancer, cell death, and immunological 

disease network clustering around beta-estradiol, progesterone, and TNF (Figure 2). 

Twenty seven genes from the top 50 list could be classified by their function. Cell 

signaling and proliferation were the most represented functions (Table 2). 

Table 2. Functional classification of genes methylated in MPD patients. 

Function Genes Percent P value 
Cell Signaling 11 41% 0.005 
Cellular Growth and Proliferation 10 37% 0.008 
Immunological Disease 6 22% 0.007 
Hematological System Development and Function 7 26% 0.008 
Nucleic Acid Metabolism 4 15% 0.006 
Cellular Development 11 41% 0.009 
Immune and Lymphatic System Development and 
Function 7 26% 0.008 
Developmental Disorder 5 19% 0.008 
Cell Morphology 7 26% 0.006 
Cell Death 6 22% 0.008 
Gene Expression 5 19% 0.007 
Cancer 8 30% 0.009 
Cell Cycle 6 22% 0.009 
Cellular Movement 6 22% 0.008 
Cellular Compromise 3 11% 0.005 
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Figure 1. Cell death, cancer, and cell proliferation network. 

Functional relationships were prediceted by Ingenuity Pathways Analysis software. 

Genes detected as methylated are shaded. Akt kinase, PI3 kinase, and NFκB transcription 

factor form central nodes. 
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Figure 2. Cancer, cell death, and immunological disease network. Functional 

relationships were prediceted by Ingenuity Pathways Analysis software. Genes detected 

as methylated are shaded. MYC, TNF, beta-estradiol, and progesterone form central 

nodes.  
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Canonical pathways with genes hypermethylated in MPD patients are shown in Table 3.  

Table 3. Canonical pathways with methylated genes in MPD patients. 

Canonical Pathway Genes 
Purine Metabolism MYH6, GUCY2C, PDE4C, ADARB2 
Glycine, Serine and Threonine Metabolism SARDH, CHDH 
Axonal Guidance Signaling EFNA3, ABLIM2, PRKCZ 
Cardiac alpha-adrenergic Signaling AKAP8, PDE4C 
Insulin Receptor Signaling TSC2, PRKCZ 
PI3K/AKT Signaling TSC2, PRKCZ 
cAMP-mediated Signaling AKAP8, PDE4C 
Synaptic Long Term Depression GUCY2C, PRKCZ 
NRF2-mediated Oxidative Stress Response HSPB8, PRKCZ 
 

HSPB8, PRKCZ, and ME1 genes detected as hypermethylated participate in oxidative 

stress pathways (Table 4). PRKCZ gene belongs to NFI-B transcription factor pathway. 

NFIX gene is a member of the same family as NFI-B. Interestingly, NFI-B upregulation 

was reported in a paper showing a loss of heterozygosity and uniparental disomy in the 

JAK2 locus in polycythemia vera.15   

Table 4. Metabolic pathways with genes hypermethylated in MPD patients. 

Pathway Genes 
Oxidative Stress Response Mediated by Nrf2 (NFE2L2) HSPB8, PRKCZ 
Oxidative Stress ME1 
Mechanism of Gene Regulation by Peroxisome Proliferators via 
PPARa ME1 
NFI-B Signaling Pathway PRKCZ 
Fatty Acid Metabolism ME1 
Aryl Hydrocarbon Receptor Signaling NFIX 
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PROGRESS ON TASK 2 

Methylation of HOX genes in MPD patients.  

We screened 31 HOX genes for methylation of their CpG islands in PV patients. 

Preliminary results were presented at American Association for Cancer Research Annual 

Meeting, in Los Angeles, CA, in April, 2007. These preliminary results suggested 

increased methylation in HOXA4, HOXC4, HOXC9, and HOXC11 genes. We performed 

detailed analysis in larger numbers of MPD patients and found significantly increased 

methylation in HOXA4, HOXC4, and HOXC11 genes (Figures 3-6). 
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Figure 3. CpG methylation at the transcription start site of HOXA4 gene in blood 

cells from normal controls and MPD patients. P<.0001, Mann-Whitney non-

parametric test. 



 W81XWH-05-1-0535; PI: Issa, Annual Report 2007, Page 15   

HOXC4

Controls (n=23) MPD (n=93)
0

10

20

30

40

50

60   P value 0.0101

Pe
rc

en
t m

et
hy

la
tio

n

 

Figure 4. CpG methylation at the transcription start site of HOXC4 gene in blood 

cells from normal controls and MPD patients. P=.01, Mann-Whitney non-parametric 

test. 
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Figure 5. CpG methylation at the transcription start site of HOXC9 gene in blood 

cells from normal controls and MPD patients. Although the difference was not 

statistically significant, about 25% of MPD patients showed HOXC9 methylation outside 

of the normal range.  
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Figure 6. CpG methylation at the transcription start site of HOXC11 gene in blood 

cells from normal controls and MPD patients. P<.0001, Mann-Whitney non-

parametric test. 

 

Progress on Task 3 

Progesterone receptor functional studies 

To assess the functional significance of progesterone receptor silencing, we explored the 

effect of mifepristone, a PGR antagonist, on in vitro response of BFU-E erythroid 

progenitors to erythropoietin. Mifepristone treatment of normal peripheral blood 

increased cultured in vitro in the presence of erythropoietin increased the expression of 

genes associated with erythroid program: transferrin receptor, glycophorin A, janus 

kinase 2, and beta globin (Fig. 7). 
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Figure 7. Mifepristone treatment increases the expression of erythroid genes. 

Normal peripheral blood mononuclear cells were cultured in vitro for 14 days in the 

presence of erythropoietin (3U/ml) and mifepristone at 0, 10-7M and 10-6M 

concentration. Expression of mRNA was measured by real time PCR. TFRC, transferrin 

receptor, EpoR, erythropoietin receptor, GYPA, glycophorin A, JAK2, janus 2 kinase, b-

globin, beta globin mRNA. Fold increase of mRNA expression over cultures without 

mifepristone is shown.  

Epigenetic control of PRV-1 gene expression 

 

We found that expression of the polycythemia rubra vera-1 (PRV-1) gene is inversely 

correlated with DNA methylation status of CpG sites the the gene transcription start site. 

PRV-1/CC177 is a GPI-linked protein that is expressed on a subgroup of neutrophils.  

The number of PRV-1 expressing neutrophils increases in pregnancy and sepsis, or after 

administration of granulocyte-colony stimulating factor.  Expression of the PRV-1 gene 

is also increased in patients with polycythemia vera and essential thrombocythemia.  We 
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investigated whether DNA methylation of the PRV-1 gene has a role in regulation of 

transcription and expression of the PRV-1 protein. We compared the level of methylation 

of the PRV-1 gene and expression of the PRV-1 mRNA in normal neutrophils expressing 

PRV-1 to those that are PRV-1 negative.  We also studied PRV-1 methylation and 

mRNA expression in patients with non-CML myeloproliferative disorders and in an in 

vitro model of DNA demethylation. We found that methylation of CpG dinucleotides 

close to initiation codon of the PRV-1 gene was inversely related to the expression of 

PRV-1 in normal neutrophils.  Furthermore, overexpression of the PRV-1 gene in 

polycythemia vera (PV) and essential thrombocythemia (ET) is associated with a 

decrease in methylation of this gene.  Among patients with PV and ET, methylation of 

the PRV-1 gene is also inversely correlated with the presence of the JAK2V617F somatic 

mutation.  In an in vitro model, exposure of KG1 and KG1a cells to a DNA 

demethylating agent caused a decrease in methylation of the PRV-1 gene and increased 

its mRNA level. We conclude that DNA methylation regulates PRV-1 expression under 

physiologic and pathologic conditions. The results were published in Experimental 

Hematology (Appendix 4) 

 

Effects of DNA demethylating treatment in MPD patients.  

 

The mechanism of DNA-demethylating action of 2-deoxy-5-aza-cytidine (decitabine) in 

vivo is not fully understood. We studied the dynamics of neoplastic cell clearance during 

decitabine treatment (100 mg/m2/course every 4 weeks) using quantitative monitoring of 

mutant alleles by pyrosequencing in patients with chronic myelomonocytic leukemia 



 W81XWH-05-1-0535; PI: Issa, Annual Report 2007, Page 19   

harboring JAK2 or NPM1 mutations. CMML patients were first screened for JAK2 and 

NPM1 mutations, and three patients with mutations were identified. Mutant allele 

percentages in mononuclear cell DNA were followed after treatment, along with 

methylation of LINE1 and ten other genes. The clearance of mutant alleles was modest 

after the first cycle, despite induction of hypomethylation. Delayed substantial clearance 

was observed after 2-4 cycles that correlated with clinical response. Two patients had 

complete disappearance of mutant alleles and sustained clinical remissions. In another 

patient, mutant allele was detectable at clinical remission, which lasted for 8 months. Our 

data suggest a predominantly non-cytotoxic mechanism of action for decitabine, leading 

to altered biology of the neoplastic clone and/or normal cells. The result are in press in 

the Blood journal (Appendix 5) 
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KEY RESEARCH ACCOMPLISHMENTS 

 

• Used DNA oligonucleotide microarrays to map genome-wide methylation pattern 

in MPD patients  

• Studied DNA methylation dynamics and molecular response after DNA-

demethylation therapy in MPD patients.  

• Characterized epigenetic control by DNA methylation of the polycythemia rubra 

vera gene 1 (PRV-1/CD177) expression on neutrophils of MPD patients and 

normal individuals.  

REPORTABLE OUTCOMES 

 

Meeting presentations 

Poster, DNA methylation of HOX genes in leukemia and myeloproliferative disorders. 

American Association for Cancer Research Annual Meeting, Los Angeles, CA, April 14-

18, 2007. 

 

Meeting abstracts published 

Nussenzveig RH, Swierczek S, Jelinek J, Verstovsek S, Prchal J, Prchal JT. A Novel and 

Quantitative Assay To Detect JAK2 V617F Allele by Real-Time AS-PCR and Its 

Applicability to PV Initiating Mutation. Blood 2006; 108: 315b-316b (Appendix 1) 
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Oki Y, Jelinek J, Kantarjian HM, Issa JPJ. Hypomethylation Induction and Molecular 

Response after Decitabine Therapy in Chronic Myelomonocytic Leukemia (CMML). 

Blood 2006; 108: 658a (Appendix 2) 

 

Manuscript published 

 

Nussenzveig RH, Swierczek SI, Jelinek J, Gaikwad A, Liu E, Verstovsek S, Prchal JF, 

Prchal JT. Polycythemia vera is not initiated by JAK2V617F mutation. Experimental 

Hematology. 2007;35:32-38. (Appendix 3) 

 

Jelinek J, Li J, Mnjoyan Z, Issa JP, Prchal JT, Afshar-Kharghan V. Epigenetic control of 

PRV-1 expression on neutrophils. Exp Hematol. 2007;35(11):1677-1683. (Appendix 4) 

 

Manuscript in press 

Yasuhiro Oki*, Jaroslav Jelinek*, Lanlan Shen, Hagop M. Kantarjian, and Jean-Pierre J. 

Issa. Induction of hypomethylation and molecular response after decitabine therapy in 

patients with chronic myelomonocytic leukemia. Blood, in press. (Appendix 5) 

 

Manuscript in preparation 

Jelinek J, He R, Bueso-Ramos CE, Verstovsek S, Prchal JT, Issa JPJ. Methylation of 

progesterone receptor CpG islands in polycythemia vera, myelofibrosis and leukemia.  
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CONCLUSIONS  

 

Our data show that PGR and CDH13 CpG islands are methylated in a significant 

proportion of PV and MF patients and in leukemia. Silencing of these genes by 

methylation may contribute to disease development by altering the response of 

hematopoietic cells to proliferative stimuli or their interactions with stroma.  

 

“SO WHAT:” 

 

Epigenetic silencing by cytosine methylation in selective CpG islands may play a role in 

the development of myeloproliferative disorders. The hypomethylating drug decitabine 

may be considered for clinical trials in patients non-responding to conventional treatment.  
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Appendix 1 
 

A Novel and Quantitative Assay To Detect JAK2 V617F 
Allele by Real-Time AS-PCR and Its Applicability to 
PV Initiating Mutation.  
Roberto H. Nussenzveig, PhD1,*, Sabina Swierczek, PhD2,*, Jaroslav Jelinek, MD1, 
Srdan Verstovsek, MD1, Jaroslav Prchal, MD3 and Josef T. Prchal, MD2  

1 Dept. Leukemia, MD Anderson Cancer Center, Houston, TX, USA; 2 Division of Hematology, SOM, 
University of Utah, Salt Lake City, UT, USA and 3 Dept. Oncology, McGill University, Montreal, QC, 
Canada.  

Abstract  

Polycythemia vera (PV) arises due to a somatic mutation(s) of a single hematopoietic 
stem cell leading to clonal hematopoiesis. Greater than 80% of PV patients carry a 
somatic mutation in JAK2 (V617F). Growing evidence suggests that increased frequency 

of the JAK2V617F allele may have a prognostic impact on certain clinical aspects of PV, 
and, possibly, in other myeloproliferative disorders associated with this mutation. We 
have developed a novel approach to primer design for Real-Time quantitative allele-
specific PCR. Allelic discrimination is enhanced by the combined synergistic effects of an 
artificial mismatch introduced in the –1 position, starting from the 3' end of the primer, 
and the use of a locked nucleic acid (LNA) modified nucleoside placed at the –2 position. 
We provide evidence that the –2 LNA assists in stabilizing the 3' end, while the –1 
mismatch provides specificity but not stability. The difference in cycle number between 
the two allele-specific reactions is used to calculate the relative allele frequencies. We 
demonstrate the robustness, sensitivity and reproducibility of our design. The proportion 
of mutant JAK2 allele determined by pyrosequencing and kinetic allele-specific PCR was 
highly concordant with an average allele frequency deviation of 2.6%. Repeated 
determination of allelic ratios in multiple patient samples was highly reproducible with a 
standard deviation of 1.5%. We have also determined that the design and assay is highly 
sensitive; as little as 0.1% mutant allele in 40–50 ng of genomic DNA can be detected. 
We further tested the applicability of this technique to the analysis of individual BFU-E 
colonies in order to address the question whether the JAK2V617F is the disease initiating 
mutation. Less than 10% of a single isolated BFU-E colony, originating from a single 
progenitor, is sufficient for determination of allele frequency. The remainder of the 
colony may be used for other analyses. A proportion of 0 or 50 or 100 percent JAK2 

mutant allele is expected from each individual BFU-E colony, which was indeed 
observed. However, when we tested granulocytes from PV females, wherein the 
granulocytes were found to be clonal by the X-chromosome transcriptionally based 
clonality assay, we found 3 females <50 (27.5 ±11) and 7 females >50 (75 ±10.5)percent 
mutant JAK2 allele frequencies. This result suggests the presence of a heterogeneous 
population of cells with differing genotypes regarding the JAK2 mutant allele, and is 
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further supported by our genotyping results with individual BFU-E colonies as described 
above. Our PV data suggest that the JAK2V617F may not be the PV initiating mutation. 
This novel primer design is simple, does not require tedious optimization of reaction 
conditions, and can be applied to any kinetic PCR platform for reliable and sensitive 
determination of allele frequencies. Potential applications are varied, such as, quantitative 

determination of mosaicism, proportion of fetal cells in maternal circulation, detection of 
minimal residual disease associated with known somatic mutation (such as reduction of 
malignant cells by chemotherapy or reappearance of resistant clone), rapid monitoring of 
efficacy of new drugs in both "in vitro" systems as well as clinical trials, and many others 
that require quantitation of allele frequencies.  

Appendix 2 
 

Hypomethylation Induction and Molecular Response 
after Decitabine Therapy in Chronic Myelomonocytic 
Leukemia (CMML).  
Yasuhiro Oki, MD*,1,2, Jaroslav Jelinek, M.D. Ph.D.1, Hagop M. Kantarjian, M.D.1 
and Jean-Pierre J. Issa, M.D.1  

1 Department of Leukemia, University of Texas M.D. Anderson Cancer Center, Houston, TX, USA and 2 
Department of Clinical Oncology and Hematology, Aichi Cancer Center, Nagoya, Aichi, Japan.  

Abstract  

Decitabine has shown therapeutic activity in patients with MDS and CMML. The 
mechanisms of response to therapy remain incompletely understood. In particular, the 
relative contribution of this drug’s ability to induce hypomethylation and cytotoxicity 

remains unclear. To address this issue, we studied the dynamics of neoplastic cell 
clearance during decitabine treatment determined by quantitative monitoring of the 
mutant allele using pyrosequencing. DNA extracted from peripheral blood mononuclear 
cells from consented patients with CMML in a decitabine phase II study were first 

screened for JAK2 and NPM1 mutations as previously reported. We identified three 
patients with mutations (two with JAK2 mutation, one with NPM1 mutation) and samples 
at multiple points during therapy were available. All three carried normal karyotype. 
LINE repetitive element methylation and several other gene specific methylations were 
also assessed. In the three patients, LINE methylation decreased after each cycle of 
therapy, and recovered to near baseline after the drug was stopped (e.g. during the first 
cycle, average relative hypomethylation from baseline was 13.9% at day 12 and 6.5% at 
day 28). At the same time, the proportion of circulating neoplastic cells decreased slowly 

after the first cycle (decrease by 19.3% at day 12 and 13.5% at day 28). A substantial 
decrease in mutant allele percentage was observed after cycles 2, 3, and 2 in patients 1, 2, 
and 3, respectively. Clinical complete responses were achieved along with molecular 
responses at cycles 5, 4 and 2, respectively. Patients 1 and 2 showed complete 
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disappearance of detectable neoplastic clones, and had sustained remissions (duration 1.5 

and 2.5 years). In patient 3, the proportion of neoplastic cells was lower than baseline but 
still detectable at clinical remission, and the remission only lasted 8 months. We conclude 
that neoplastic cell clearance after decitabine therapy in CMML is observed after several 
courses of therapy, and is initially seen concurrently with hypomethylation. While LINE 
methylation returns to its steady state values after completion of decitabine infusion, the 
tumor elimination process slowly continues. Our data suggest a non-cytotoxic mechanism 
of action for the drug, whereby the biology of the neoplastic clone is altered by 
hypomethylation, leading to delayed clearances of unknown mechanism. Possibilities 

include an immune response and effects on the neoplastic (or normal) stem cells.  
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